Objective: To determine the association between indomethacin exposure and risk for chronic kidney disease defined by hypertension in very low birth weight (VLBW) infants.
Introduction
In the United States, 10-12% of infants are delivered prematurely, with greater than 75,000 infants per year delivered at less than 32 weeks [1] . Failure of the ductus arteriosus to close within 72 hours of birth (patent ductus arteriosus [PDA] ) is a known complication of preterm birth, with a prevalence of 20-50% in infants less than 32 weeks [2] . The incidence of PDA is additionally increased in infants born at altitude [3] . Presence of a PDA is associated with worse pulmonary morbidities [4] [5] [6] [7] and increased odds for intraventricular hemorrhage, necrotizing enterocolitis, and death [2, [8] [9] .
Intravenous indomethacin, which inhibits prostaglandin, is the most commonly used medication for management of a PDA. Indomethacin is a potent inhibitor of prostaglandin synthesis via non-specific cyclooxygenase inhibition, and is believed to cause ductal closure via decreased circulating levels of prostaglandin, with successful closure of the PDA seen in 60-80% of treated patients [8] . In addition, fluid restriction is commonly used in the setting of PDA to minimize the effect of excessive pulmonary blood flow in the setting of a left to right shunt across the ductus, as well as to maintain normal serum electrolyte concentrations in the setting of oliguria.
In addition to prostaglandin's effect on ductal patency, prostaglandin also plays a critical role in renal blood flow in the neonate. Glomerular capillary pressure is maintained by the balance of vasodilation at the afferent arteriole, mediated by prostaglandin, and vasoconstriction at the efferent arteriole, mediated by angiotensin II. Inhibition of prostaglandin by non-steroidal anti-inflammatory medications, including indomethacin, results in decreased circulating prostaglandin levels. Decreased prostaglandin levels lead to unopposed angiotensin II and afferent arteriole vasoconstriction, with subsequent decreased renal blood flow with a corresponding decrease in glomerular filtration rate [10] [11] [12] .
Due to the decrease in renal blood flow during indomethacin treatment, common adverse effects of treatment include transient oliguria and elevated creatinine [7, 13] . These effects are generally believed to be self-limited, with normalization of creatinine by day 30 of life [14] . however, there is a paucity of evidence regarding the long-term effects of indomethacin therapy on renal function. One study found no evidence of long-term influence on renal function or structure following indomethacin exposure [15] , however, this study was limited by small numbers, and did not differentiate between antenatal and postnatal indomethacin exposure. Meanwhile, there is growing evidence that even transient acute kidney injury (AKI) predisposes to chronic kidney disease (CKD) in children [16] [17] [18] [19] .
Premature infants, those most likely to require treatment for PDA, are a particularly vulnerable population with respect to long-term renal function. Preterm infants have decreased nephron numbers compared to term infants despite ongoing postnatal nephrogenesis until 40 days of life [20] , as well as histologic abnormalities of up to 13 percent of their glomeruli [21] . Acute kidney injury (AKI) in pediatric patients has been shown to increase long-term risk for chronic kidney disease in patients without pre-existing kidney disease [17] [18] [19] . Given the public health burden of adult chronic kidney disease, it is vital to determine whether there exists an association between indomethacin therapy and long-term risk for chronic kidney disease in this vulnerable population of infants.
The aim of this study was to determine whether infants receiving indomethacin treatment had increased risk for developing CKD at NICU discharge compared to infants not receiving indomethacin. Prognostic factors for CKD include systemic hypertension and proteinuria. The literature reports incidence of systemic hypertension in 1-1.4% of all preterm neonates [22] [23] . We hypothesized that neonates receiving indomethacin would have higher rates of hypertension and/or proteinuria at NICU discharge compared to control infants.
Methods
We conducted a retrospective case-control study to evaluate the effect of indomethacin therapy in neonates with PDA. This study was carried out via chart review of all patients classified as very low birth weight (VLBW, birth weight less than 1500 grams) admitted to University of Colorado Hospital Level III NICU between January 2011 and December 2014. Patients were assigned to two groups based on the administration of indomethacin during their NICU admission. In exposed patients, the typical course of indomethacin was intravenous dosing daily x 3 days. Exclusion criteria were death prior to NICU discharge, presence of congenital anomaly, prenatal diagnosis of renal anomaly, prenatal exposure to indomethacin, congenital heart disease, diagnosis of intrauterine growth restriction, exposure to prostaglandin, and need for Extra corporeal membrane oxygenation (ECMO) therapy. Data was collected for each infant as shown in Table 1 .
The primary outcome for this study was the incidence of systemic hypertension in infants at time of NICU discharge, as a marker for increased risk for CKD. We estimated an incidence of hypertension of 1% in neonates not receiving indomethacin, and an estimated 25% increase to 1.25% incidence of hypertension in indomethacin-exposed neonates at discharge. For an α= 0.05 and β=0.2, we estimated a sample size of 125 per group needed to detect a difference of 25%. Secondary outcomes were presence of proteinuria, and increased serum creatinine concentration at 30-60 days of age.
Demographic and clinical characteristics were compared using two-sample t-tests and Fisher's exact tests for continuous and categorical variables, respectively. Logistic and linear regression models were used with indomethacin exposure as the primary explanatory variable to assess its association with diagnosed hypertension and creatinine level from day 30 to 60. Significant demographic and clinical confounders (gestational age, birth weight, exposure to diuretic medications, and need for vasoactive support) were included in both models. All hypothesis tests were two-sided and significance was set at 0.05. Statistical analyses were performed using R version 3.1.1 software (R Foundation for Statistical Computing, Vienna, Austria, http://www.R-project.org/).
Results
For 2011-14, a total of 2592 infants were admitted to the University of Colorado NICU. Infants (n=503) (19.4% of total admissions) were categorized as VLBW. Infants (n = 202) were excluded from analysis due to death prior to NICU discharge (n=40), congenital anomaly (n=60), intrauterine growth restriction (n=90), prenatal exposure to indomethacin (n=1), and relevant data missing from the medical record (n=11). The remaining 301 infants had data collected for analysis. Infants were categorized into two groups based on their post-natal exposure to indomethacin (Group 1, any indomethacin exposure; Group 2, no indomethacin exposure). Using multivariable logistic regression, we evaluated for the association between the presence of hypertension at discharge and indomethacin use ( Table 3) . Gestational age, birth weight, exposure to vasoactive medication and exposure to diuretics at any point were included in the model as confounders based on their clinical relevance and significant association with hypertension and risk for CKD. There was no significant association between hypertension and indomethacin exposure after adjusting for these confounders; p=0.1259. Although not significant, the odds of hypertension were higher by 3.2 (0.7, 14.9) for subjects exposed to indomethacin compared to those who were not. The overall incidence of hypertension in our study population was 3.98 percent.
We then tested for the association between an elevated serum creatinine (from day of life 30-60) and indomethacin exposure ( Table 4) . Gestational age (weeks), birth weight (g), exposure to vasoactive medication and exposure to diuretics at any point were included in the model as confounders based on their clinical relevance and significant association with risk for CKD. There was no association between creatinine levels from day 30 to 60 and indomethacin exposure after adjusting for these confounders; P=0.4726. Creatinine was, on average, 0.04 mg/ dL (-0.071, 0.152) higher in the group exposed to indomethacin compared to the non-exposed group.
Discussion
Persistent patency of the ductus arteriosus occurs commonly in premature and very low birth weight infants, and is associated with significant morbidities as well as increased mortality. Attempts to close the ductus arteriosus are commonly undertaken in clinical practice, both via surgical ligation and with pharmacologic therapy. Indomethacin has been the most commonly used medication for this purpose, given its mechanism of prostaglandin synthase inhibition [24] . However, indomethacin's known side effect of decreasing renal blood flow with subsequent oliguric acute kidney injury raises concern for long term effects on renal function following indomethacin therapy early in life. De rigueur fluid restriction in the setting of oliguric AKI in order to prevent hyponatremia may further worsen renal perfusion and result in increased severity of AKI. Prior studies have shown normalization of creatinine by day of life 30 following indomethacin treatment [15] , which is supported by our data. However, there has been a paucity of studies evaluating longer term renal risks in these patients. Our study attempted to evaluate the long-term risk for chronic kidney disease in VLBW infants receiving indomethacin therapy for PDA using known prognostic markers of increased CKD risk including hypertension and proteinuria. Due to limited data, we were unable to evaluate the incidence of proteinuria in our population. The incidence of diagnosed hypertension for all VLBW infants in our population was higher than what has been previously reported in the literature (3.98 overall vs 1-1.5 percent) [22] [23] . When adjusted for clinical confounders, the incidence of hypertension was similar in infants exposed to indomethacin and non-exposed infants. Our data demonstrated that infants receiving indomethacin had significantly lower gestational ages and birth weights, as well as increased illness severity, with significantly increased need for vasoactive support and diuretic medications, all of which are associated with risk for renal injury. While indomethacin treatment was not independently associated with hypertension in our population, our data suggest that those infants being treated with indomethacin tend to be those already at higher risk for the development of CKD. Given these findings, a more judicious approach to the use of indomethacin in this high-risk population is warranted. Several studies have proposed the use of acetaminophen as an alternative therapy for closure of the ductus arteriosus [25] [26] [27] , with early evidence demonstrating some efficacy of this therapy. However, large-scale trials as well as long term follow up data are not yet available, limiting the application of this as a true alternative therapy. Given the findings of our study, further studies are warranted, including more robust evaluation of alternative pharmacologic therapies for PDA, and evaluation of the risk of indomethacin therapy in additional vulnerable patient groups, such as those infants with decreased nephron mass secondary to intrauterine growth restriction. In addition, evaluation of the long-term renal outcomes of these infants is indicated. With the most vulnerable infants being the most likely to receive indomethacin, routine post-NICU care for VLBW infants should include follow-up with a pediatric nephrologist around 2 years of age for comprehensive renal evaluation, with blood pressure measurement and laboratory studies including renal function panel, urine protein: creatinine ratio, and measurement of cystatin C. Cystatin C can be used to estimate glomerular filtration rate (GFR), and has been correlated with more invasive measures of GFR such as iohexol clearance [28] . In addition, studies have identified several biomarkers that may have utility in monitoring for development and progression of CKD, including neutrophil gelatinase-associated lipocalin, liver-type fatty acid-binding protein, and kidney injury molecule-1 [21] . These biomarkers may prove useful in the evaluation of CKD risk in children with a history of preterm birth and indomethacin exposure.
Our study is limited in its single center design and limited number of infants included. However, this study highlights the renal vulnerability of the infants most likely to receive indomethacin, as well as an incidence of hypertension significantly higher than previously published. These findings underscore the need for further research into long-term effects of indomethacin therapy, alternative pharmacologic management of PDA, and need for long term renal follow up of VLBW neonates. Journal of Nephrology and Hypertension Tables   Table 1: Data collected for included infants. 
